Abstract: This paper describes results of experimental research on the thin microhardened surface layer of a machined surface that occurs in materials using wire electrical discharge machining (WEDM) with brass wire electrode. The direct influence of microhardened surface layer on resulting machined surface quality of tool steel EN X210Cr12 (W.-Nr. 1.2080) was examined. The aim of the experiment was to contribute to the knowledge of mutual interactions between main WEDM technological parameters, the influence of these parameters on the total affected depth, and on the variation of microhardness of sub-surface layers of machined surface. Based on the microhardness experimental measurements, mathematical models were established by the Least Square Method (LSM) in order to simulate and predict final quality of machined surface after WEDM. Recommendations are given for setting the main technological parameters of the discharge process concerning minimization of total microhardened surface layer depth and microhardened surface layer homogeneity along the whole cross-section profile of the machined surface.
Introduction
In general, achievable qualitative parameters of eroded surface are comparable to the parameters achieved by finishing machining technologies [1, 2] such as grinding, honing, lapping, superfinishing, etc. However, a complex evaluation of machined surface quality after WEDM is a demanding procedure. To maintain evaluation objectivity, it is necessary to take into account the specifics of this progressive technology [3] . Quality judgments based only on selected parameters-most often these are roughness parameters Ra, Rz, and Ry-can lead to subjective evaluation or even mistakes [4] . In many cases, the character and surface quality, from the aspect of heat treatment, have considerably greater impact on machined surface quality than the roughness itself [5] . Durability and functionality of the surface primarily pre-define its suitable heat treatment or thermo-mechanical treatment. [6] In this sense, significant quality indicators are parameters that characterize the heat-affected zone-its total depth [7] , structure [8, 9] , homogeneity, hardness variation, and hardness course [10] .
Considering that electrical discharge machining belongs to thermal processes where certain structural changes may be expected directly under the machined surfaces, as shown by Cusanelli, Hargrove, and Liu [11] [12] [13] , the total depth of heat affected zone (HAZ) is a very important qualitative parameter. Heat impact on the machined surface is in many cases is an undesirable attendant phenomenon that occurs not only in Wire Electrical Discharge Machining (WEDM) but also in other The samples were produced on the electrical discharge machine AGIECUT 270HSS (AGIE SA, Losone, Switzerland) shown on Figure 1 . It is a Computer numerical control (CNC) device capable of autonomous operation. Table 2 presents basic technical parameters of CNC electrical discharge machine AGIECUT 270HSS machine. The cutting tool used in the experiment was brass Ms63 wire electrode of 0.25 mm diameter. Material Ms63 is a compound CuZn3 that contains 63% Cu and 37% Zn [25] . Working fluid was non-ionized water with electric conductivity no more than 150 μs•cm −1 .
The basic technological parameters of WEDM that influence final quality of machined surface with regard to the total HAZ depth in essential way include: peak current I (A), pulse on-time duration ton (μs), and consequent break for renewal of discharge channel called pulse off-time duration toff (μs), and voltage of discharge U (V). Expected influence of primary technological parameters of electrical discharge process on quality of machined surface of steel EN X210Cr12 after WEDM with brass 0.25-mm diameter Ms63 wire electrode in terms of the total HAZ depth and the parameters setting ranges applied in the experiment are shown in Table 3 . Table 3 . Setting ranges of main WEDM technological parameters applied in experiment at machining of steel EN X210Cr12 with Ms63 electrode, and their expected influence on microhardness variation. Table 2 presents basic technical parameters of CNC electrical discharge machine AGIECUT 270HSS machine. The cutting tool used in the experiment was brass Ms63 wire electrode of 0.25 mm diameter. Material Ms63 is a compound CuZn 3 that contains 63% Cu and 37% Zn [25] . Working fluid was non-ionized water with electric conductivity no more than 150 µs¨cm´1.
The basic technological parameters of WEDM that influence final quality of machined surface with regard to the total HAZ depth in essential way include: peak current I (A), pulse on-time duration t on (µs), and consequent break for renewal of discharge channel called pulse off-time duration t off (µs), and voltage of discharge U (V). Expected influence of primary technological parameters of electrical discharge process on quality of machined surface of steel EN X210Cr12 after WEDM with brass 0.25-mm diameter Ms63 wire electrode in terms of the total HAZ depth and the parameters setting ranges applied in the experiment are shown in Table 3 . 
The Basic Characteristic of Eroded Surface and HAZ after WEDM
As mentioned in the Introduction, the eroded surface of the material after WEDM is matte; however, its roughness parameters are comparable to ground surfaces. Relatively high surface quality steel EN X210Cr12 samples, according to roughness parameters in the ranges of Ra = 0.8 to 3.7 µm, Ry = 5.8 to 25.4 µm, and Rz = 5.1 to 22.8 µm, was recorded by surface roughness tester Mitutoyo Surftest SJ-400 (Mitutoyo Corporation, Kawasaki, Japan). The quality of the surface was achieved by applying suitable combination of technological parameters of electrical discharge process during the experiment. Higher values of roughness Ra, Ry, and Rz were achieved at roughing operations, while lower values correspond to finishing operations. It can be observed on the eroded surface of the steel EN X210Cr12 samples that due to the discharge plasma channel with high density and intensity (and simultaneous high temperature impact), structural changes appear on the surface layers of basic material [26] , while integrity of the material was preserved. Micro-cracks or other disintegrations were not observed on the surface or in the sub-surface layer. This is attributed to proper preparation of the samples using heat treatment [27] in combination with favorable electric and heat conductivities (G = 1.54 S¨m´1¨mm´2; λ t = 30 W¨m´1¨K´1) of the applied steel EN X210Cr12. Figure 2 shows allocation of particular sub-surface layers of untreated eroded sample surface observed by the digital microscope Keyence VK-X150 (Keyence International, Mechelen, Belgium) at 1000ˆmagnification where structural changes occur in the terms that represent technological parameters setting for roughing operations. 
As mentioned in the Introduction, the eroded surface of the material after WEDM is matte; however, its roughness parameters are comparable to ground surfaces. Relatively high surface quality steel EN X210Cr12 samples, according to roughness parameters in the ranges of Ra = 0.8 to 3.7 m, Ry = 5.8 to 25.4 m, and Rz = 5.1 to 22.8 m, was recorded by surface roughness tester Mitutoyo Surftest SJ-400 (Mitutoyo Corporation, Kawasaki, Japan). The quality of the surface was achieved by applying suitable combination of technological parameters of electrical discharge process during the experiment. Higher values of roughness Ra, Ry, and Rz were achieved at roughing operations, while lower values correspond to finishing operations. It can be observed on the eroded surface of the steel EN X210Cr12 samples that due to the discharge plasma channel with high density and intensity (and simultaneous high temperature impact), structural changes appear on the surface layers of basic material [26] , while integrity of the material was preserved. Micro-cracks or other disintegrations were not observed on the surface or in the sub-surface layer. This is attributed to proper preparation of the samples using heat treatment [27] Layer No. 1 is characterized by burn-erosion and is created by metal remnants from the tool-brass Ms63 wire electrode. Layer No. 2 represents the heat-affected zone that consists of white layer and transition layer. The border between these two layers is visible as shown in Figure 2 
Preparation of Experimental Samples
The samples for the experiment were made from steel blocks with dimensions 100 × 150 × 50 mm from material EN X210Cr12. Before eroding, the sample material was quench-hardened to a hardness of approximately 64 HRC [28] . It was hardened in oil at a temperature of 950 °C (Figure 3 ) Figure 2 . Allocation of particular sub-surface layers of experimental sample made by electrical discharge technology in the terms that represent technological parameters setting for roughing operation (1000ˆmagnification).
Layer No. 1 is characterized by burn-erosion and is created by metal remnants from the tool-brass Ms63 wire electrode. Layer No. 2 represents the heat-affected zone that consists of white layer and transition layer. The border between these two layers is visible as shown in Figure 2 at 1000ˆmagnification, where strong microstructure change is present. Layer No. 3 represents basic material with no heat impact and structural variations due to the electrical discharge process. The border between layer No. 2 and layer No. 3 cannot be identified as a clear line because the structure of layer No. 2 gradually merges into layer No. 3. The exact border could only be determined on the basis of microhardness variation (measured according Vickers Hardness Test method described in Section 2.3).
The samples for the experiment were made from steel blocks with dimensions 100ˆ150ˆ50 mm from material EN X210Cr12. Before eroding, the sample material was quench-hardened to a hardness of approximately 64 HRC [28] . It was hardened in oil at a temperature of 950˝C ( Figure 3 ) with consecutive tempering (Figure 4) to hardness approximately 61 HRC at a temperature of 220˝C in order to remove internal stresses that emerged during hardening. On the eroded surface layer of the samples, a mild burn-erosion could be clearly observed (black stains on the surface) without visible micro-cracks or macro-cracks ( Figure 5 ). At the same time, a slight oxidative layer (rust) was present on the surface (visually observed as an orange coating). On the eroded surface layer of the samples, a mild burn-erosion could be clearly observed (black stains on the surface) without visible micro-cracks or macro-cracks ( Figure 5 ). At the same time, a slight oxidative layer (rust) was present on the surface (visually observed as an orange coating). On the eroded surface layer of the samples, a mild burn-erosion could be clearly observed (black stains on the surface) without visible micro-cracks or macro-cracks ( Figure 5 ). At the same time, a slight oxidative layer (rust) was present on the surface (visually observed as an orange coating). Picture of the eroded surface of the steel EN X210Cr12 sample recorded using the scanning digital microscope Keyence VK-X150 at 500× magnification shows small metal particles (whitish stains). These particles were melted out from the Ms63 electrode ( Figure 6 ). In order to avoid distortion of experimental results due to disturbances caused by the particles, it was necessary to adjust the eroded surfaces before measurements. Whereas the electrical discharge process was carried out in the presence of dielectric liquids on the basis of non-ionized water, which to some extent has a corrosive effect on the material EN X210Cr12, it was necessary to remove subtle oxidative layer (aqueous corrosion) from the eroded surface of the samples. The oxidative layer was removed from the surface by acid pickling with a solution based on phosphoric acid (H3PO4 of 90% concentration), and by pickling agent Armohib 25 at a constant temperature of 20 °C and a 5-min actuation time. To ensure correct measurements of surface hardness, it was also necessary to remove fine brass particles from the surface; these are the remnants of the wire electrode. The brass particles were removed from the eroded surface using chemicals. The surface was rinsed with a solution of water and concentrated ammonia (0.9 g•cm −3 ) with ratio 9 to 1 (water to ammonia) plus additives: ammonium persulfate (0.2 g per 10 cm −3 of solution) and sodium phosphate (0.1 g per 10 cm 3 of solution). Then, the etched-out metal remnants were removed from the surface by blasting with glass spheres of 50 μm diameters, and a spot load of blasting spheres for approximately 3 s on cm 2 of the surface from 40 mm distance at 30° angle. The samples were then ready for evaluation of the HAZ parameters.
Microhardness Test and Measurement of Total HAZ Depth
To determine suitable measuring procedures for HAZ depth, it was inevitable to consider the specifications of the given progressive technology where heat impact and consequent microhardness variations occur instantly after high temperature electrical discharge channel spot impact. The Picture of the eroded surface of the steel EN X210Cr12 sample recorded using the scanning digital microscope Keyence VK-X150 at 500ˆmagnification shows small metal particles (whitish stains). These particles were melted out from the Ms63 electrode ( Figure 6 ). In order to avoid distortion of experimental results due to disturbances caused by the particles, it was necessary to adjust the eroded surfaces before measurements. Picture of the eroded surface of the steel EN X210Cr12 sample recorded using the scanning digital microscope Keyence VK-X150 at 500× magnification shows small metal particles (whitish stains). These particles were melted out from the Ms63 electrode ( Figure 6 ). In order to avoid distortion of experimental results due to disturbances caused by the particles, it was necessary to adjust the eroded surfaces before measurements. Whereas the electrical discharge process was carried out in the presence of dielectric liquids on the basis of non-ionized water, which to some extent has a corrosive effect on the material EN X210Cr12, it was necessary to remove subtle oxidative layer (aqueous corrosion) from the eroded surface of the samples. The oxidative layer was removed from the surface by acid pickling with a solution based on phosphoric acid (H3PO4 of 90% concentration), and by pickling agent Armohib 25 at a constant temperature of 20 °C and a 5-min actuation time. To ensure correct measurements of surface hardness, it was also necessary to remove fine brass particles from the surface; these are the remnants of the wire electrode. The brass particles were removed from the eroded surface using chemicals. The surface was rinsed with a solution of water and concentrated ammonia (0.9 g•cm −3 ) with ratio 9 to 1 (water to ammonia) plus additives: ammonium persulfate (0.2 g per 10 cm −3 of solution) and sodium phosphate (0.1 g per 10 cm 3 of solution). Then, the etched-out metal remnants were removed from the surface by blasting with glass spheres of 50 μm diameters, and a spot load of blasting spheres for approximately 3 s on cm 2 of the surface from 40 mm distance at 30° angle. The samples were then ready for evaluation of the HAZ parameters.
To determine suitable measuring procedures for HAZ depth, it was inevitable to consider the specifications of the given progressive technology where heat impact and consequent microhardness Whereas the electrical discharge process was carried out in the presence of dielectric liquids on the basis of non-ionized water, which to some extent has a corrosive effect on the material EN X210Cr12, it was necessary to remove subtle oxidative layer (aqueous corrosion) from the eroded surface of the samples. The oxidative layer was removed from the surface by acid pickling with a solution based on phosphoric acid (H 3 PO 4 of 90% concentration), and by pickling agent Armohib 25 at a constant temperature of 20˝C and a 5-min actuation time. To ensure correct measurements of surface hardness, it was also necessary to remove fine brass particles from the surface; these are the remnants of the wire electrode. The brass particles were removed from the eroded surface using chemicals. The surface was rinsed with a solution of water and concentrated ammonia (0.9 g¨cm´3) with ratio 9 to 1 (water to ammonia) plus additives: ammonium persulfate (0.2 g per 10 cm´3 of solution) and sodium phosphate (0.1 g per 10 cm 3 of solution). Then, the etched-out metal remnants were removed from the surface by blasting with glass spheres of 50 µm diameters, and a spot load of blasting spheres for approximately Metals 2016, 6, 95 7 of 16 3 s on cm 2 of the surface from 40 mm distance at 30˝angle. The samples were then ready for evaluation of the HAZ parameters.
To determine suitable measuring procedures for HAZ depth, it was inevitable to consider the specifications of the given progressive technology where heat impact and consequent microhardness variations occur instantly after high temperature electrical discharge channel spot impact. The electrical discharge originates between the wire electrode as a cutting tool and the metal material as a workpiece with simultaneous intensive cooling by dielectric liquid. The heat affected zone shows different values in straight direction and in cross-section direction concerning wire electrode movement against the workpiece. Similarly, the course of HAZ time depends on combination of settings of main technological parameters. It is necessary to set the technological parameters with regard to the electrical discharge cutting process itself, as well as electrochemical properties of the material.
The achieved total HAZ depth and variation of microhardness is closely coupled with properties of the applied material EN X210Cr12, and setting values of main technological and process parameters [30, 31] . According to papers by several authors mentioned in the Introduction, it can generally be assumed that the strongest impact of these parameters will manifest at power/roughing operations, while the least impact will be observed at fine finishing operation. Values of total HAZ depth and course of microhardness were examined by measurements in sub-surface layers. To evaluate the total HAZ depth, it was very important to take into account possible scattering of microhardness values with consideration of the structure of applied material. Because microhardness course will not likely be the same along the whole cross-section, it was decided to carry out measurements in several parallel lines.
Considering the supposedly very small total depth of the heat-affected zone, the value of which fall into tens of micrometers, it was essential to establish a proper method for microhardness measurement. The suitable application method appeared to be the method of beveled cross-section, which best respects specifics of the given technology. For exact evaluation of microhardness of sub-surface layers of the samples, it was necessary to prepare metallographic specimens at very low angles due to supposed maximum HAZ depth of 60 µm produced by roughing operation.
The microhardness measurements were carried out on metallographic specimen of samples from steel EN X210Cr12 (Figure 7 ) prepared at angle α = 0.03. Total length of metallographic specimen lv at supposed total HAZ depth h HAZt = 60 µm was calculated by the formula:
where lv is total length of metallographic specimen, h HAZt is theoretical (supposed) total HAZ depth, and α is angle of metallographic specimen. The achieved total HAZ depth and variation of microhardness is closely coupled with properties of the applied material EN X210Cr12, and setting values of main technological and process parameters [30, 31] . According to papers by several authors mentioned in the Introduction, it can generally be assumed that the strongest impact of these parameters will manifest at power/roughing operations, while the least impact will be observed at fine finishing operation. Values of total HAZ depth and course of microhardness were examined by measurements in sub-surface layers. To evaluate the total HAZ depth, it was very important to take into account possible scattering of microhardness values with consideration of the structure of applied material. Because microhardness course will not likely be the same along the whole cross-section, it was decided to carry out measurements in several parallel lines.
Considering the supposedly very small total depth of the heat-affected zone, the value of which fall into tens of micrometers, it was essential to establish a proper method for microhardness measurement. The suitable application method appeared to be the method of beveled cross-section, which best respects specifics of the given technology. For exact evaluation of microhardness of sub-surface layers of the samples, it was necessary to prepare metallographic specimens at very low angles due to supposed maximum HAZ depth of 60 μm produced by roughing operation.
The microhardness measurements were carried out on metallographic specimen of samples from steel EN X210Cr12 (Figure 7 ) prepared at angle α = 0.03. Total length of metallographic specimen lv at supposed total HAZ depth hHAZt = 60 μm was calculated by the formula:
where lv is total length of metallographic specimen, hHAZt is theoretical (supposed) total HAZ depth, and α is angle of metallographic specimen. Hardness of basic material of evaluated samples ranges from 60 to 62 HRC, so the Vickers microhardness test, according to norm EN ISO 6507 [32] , could not be applied. The load in this test ranges from 0.098 to 0.98 N, which is not enough for basic material hardness 60 to 62 HRC. At this load, it is possible to measure microhardness to maximum value 464 HV0.1, which corresponds to a Rockwell hardness of approximately 46 HRC. Therefore, Vickers hardness test at low load HV2 was applied. According to the norm, the prescribed load of indenter is 19.61 N. Hardness of basic material of evaluated samples ranges from 60 to 62 HRC, so the Vickers microhardness test, according to norm EN ISO 6507 [32] , could not be applied. The load in this test ranges from 0.098 to 0.98 N, which is not enough for basic material hardness 60 to 62 HRC. At this load, it is possible to measure microhardness to maximum value 464 HV0.1, which corresponds to a Rockwell hardness of approximately 46 HRC. Therefore, Vickers hardness test at low load HV2 was applied. According to the norm, the prescribed load of indenter is 19.61 N.
Hardness measurements on metallographic specimens in heat affected zone of the experimental samples of 50 mm thickness was carried out on Zwick ZHV30 Vickers Hardness Tester (Zwick GmbH&Co, Ulm, Germany) with measuring range HV0.2 to HV30.
Results and Discussions

Experimental Measurement of Total HAZ Depth and Microhardness Course
The total HAZ depth measurements consisted of indentations carried out in a line from the specimen edge to the material core in 5 mm distances (Figure 8) Hardness measurements on metallographic specimens in heat affected zone of the experimental samples of 50 mm thickness was carried out on Zwick ZHV30 Vickers Hardness Tester (Zwick GmbH&Co, Ulm, Germany) with measuring range HV0.2 to HV30.
Results and Discussions
Experimental Measurement of Total HAZ Depth and Microhardness Course
The total HAZ depth measurements consisted of indentations carried out in a line from the specimen edge to the material core in 5 mm distances (Figure 8 ). The measurement was finished when three consequent microhardness values have settled on constant value, i.e., a hardness value of the basic material that is approximately 740 HV. Every indentation represented an increment 2.62 μm of total HAZ depth. In order to respect the profile character, surface micro-geometry, and microhardness course in the axis of the cut, the indentations were carried out in four parallel lines, i.e., in two marginal and two central lines in the same distance of the specimen edge. Marginal lines were located 5 mm from the specimen edge, while central lines were located at approximately 1/3 of the material thickness. Figure 9 shows metallographic snapshot recorded by scanning electron microscope JEOL 5900 LV (JEOL Ltd., Tokyo, Japan). The picture depicts HAZ on one of the experimental specimens from steel EN X210Cr12 together with microhardness course in particular sub-surface layers. In order to respect the profile character, surface micro-geometry, and microhardness course in the axis of the cut, the indentations were carried out in four parallel lines, i.e., in two marginal and two central lines in the same distance of the specimen edge. Marginal lines were located 5 mm from the specimen edge, while central lines were located at approximately 1/3 of the material thickness. Figure 9 shows metallographic snapshot recorded by scanning electron microscope JEOL 5900 LV (JEOL Ltd., Tokyo, Japan). The picture depicts HAZ on one of the experimental specimens from steel EN X210Cr12 together with microhardness course in particular sub-surface layers. Figures 10 and 11 show courses of HV2 microhardness created from measured values of microhardness in particular layers of HAZ samples from steel EN X210Cr12. The samples were made by application of roughing and finishing operations, respectively. two central lines in the same distance of the specimen edge. Marginal lines were located 5 mm from the specimen edge, while central lines were located at approximately 1/3 of the material thickness. Figure 9 shows metallographic snapshot recorded by scanning electron microscope JEOL 5900 LV (JEOL Ltd., Tokyo, Japan). The picture depicts HAZ on one of the experimental specimens from steel EN X210Cr12 together with microhardness course in particular sub-surface layers. [33, 34] , it was proven that hardness on eroded surface is significantly decreased compared [33, 34] , it was proven that hardness on eroded surface is significantly decreased compared Figure 11 . Course of HV2 microhardness in the particular heat affected sub-surface layers of the samples from steel EN X210Cr12 made by WEDM finishing.
Evaluation of Experimental Measurements
The graphs in Figures 10 and 11 present essential variations of microhardness directly on the surface as well as in adjacent sub-surface eroded layers of steel EN X210Cr12 in comparison to the hardness of original material 740 HV2. In compliance with the assertion of Che Haron et al. and m it was proven that hardness on eroded surface is significantly decreased compared to the basic material hardness; its value ranging from 600 to 650 HV2. This holds true for power/roughing as well as finishing machining. The method of machining has almost negligible influence on the microhardness variations in this layer. Certain slight differences were observed between central and marginal lines of the eroded surface. On the contrary, essential influence of machining method on microhardness variations was observed in the zone of "white layer", where microhardness grows substantially from 820 to 870 HV2, then drops again to the range of 610 to 660 HV2. Lower values were achieved at finishing operations, and higher values at roughing operations. In the transition zone, significant differences in gradual microhardness increase can also be observed. Microhardness values of basic material were achieved using both methods of machining in a depth range of approximately 20 to 50 µm. At the same time, it was observed that the total recorded HAZ depth significantly depends on machining method. Markedly lower values of HAZ total depth were recorded using finishing operations, where total HAZ depth spanned from 20 to 25 µm, while higher values ranging from 40 to 50 µm were achieved using roughing operations. Courses of microhardness at finishing operations followed steeper curves than those at roughing operations. Figures 12 and 13 show measured values of thicknesses of particular sub-surface layers of HAZ in various parts of the eroded surface of samples made from steel EN X210Cr12 at roughing/power operations and finishing operations. to the basic material hardness; its value ranging from 600 to 650 HV2. This holds true for power/roughing as well as finishing machining. The method of machining has almost negligible influence on the microhardness variations in this layer. Certain slight differences were observed between central and marginal lines of the eroded surface. On the contrary, essential influence of machining method on microhardness variations was observed in the zone of "white layer", where microhardness grows substantially from 820 to 870 HV2, then drops again to the range of 610 to 660 HV2. Lower values were achieved at finishing operations, and higher values at roughing operations. In the transition zone, significant differences in gradual microhardness increase can also be observed. Microhardness values of basic material were achieved using both methods of machining in a depth range of approximately 20 to 50 μm. At the same time, it was observed that the total recorded HAZ depth significantly depends on machining method. Markedly lower values of HAZ total depth were recorded using finishing operations, where total HAZ depth spanned from 20 to 25 μm, while higher values ranging from 40 to 50 μm were achieved using roughing operations. Courses of microhardness at finishing operations followed steeper curves than those at roughing operations. Figures 12 and 13 show measured values of thicknesses of particular sub-surface layers of HAZ in various parts of the eroded surface of samples made from steel EN X210Cr12 at roughing/power operations and finishing operations. to the basic material hardness; its value ranging from 600 to 650 HV2. This holds true for power/roughing as well as finishing machining. The method of machining has almost negligible influence on the microhardness variations in this layer. Certain slight differences were observed between central and marginal lines of the eroded surface. On the contrary, essential influence of machining method on microhardness variations was observed in the zone of "white layer", where microhardness grows substantially from 820 to 870 HV2, then drops again to the range of 610 to 660 HV2. Lower values were achieved at finishing operations, and higher values at roughing operations. In the transition zone, significant differences in gradual microhardness increase can also be observed. Microhardness values of basic material were achieved using both methods of machining in a depth range of approximately 20 to 50 μm. At the same time, it was observed that the total recorded HAZ depth significantly depends on machining method. Markedly lower values of HAZ total depth were recorded using finishing operations, where total HAZ depth spanned from 20 to 25 μm, while higher values ranging from 40 to 50 μm were achieved using roughing operations. Courses of microhardness at finishing operations followed steeper curves than those at roughing operations. Figures 12 and 13 show measured values of thicknesses of particular sub-surface layers of HAZ in various parts of the eroded surface of samples made from steel EN X210Cr12 at roughing/power operations and finishing operations. It is evident from the graphs shown in Figures 12 and 13 that the total thicknesses of particular layers of HAZ of the eroded surface of the samples depend significantly on machining method, i.e., whether it is roughing or finishing operations, with higher values recorded for roughing and lower values for finishing operations. Thickness of white layer spanned in this case in range from 3 to 6 µm; thickness of transitional layer spanned from 15 to 40 µm. At the same time, the differences of microhardness between central and marginal line of eroded surface were observed. In the central part, total HAZ depth reached values 20% higher than at the margins. These differences were likely caused by heating of the material to higher temperature, and due to lower cooling intensity by dielectric liquid. This effect was not as sharp at finishing operations where the intensity of discharge channel was lower, and at the same time better circulation of dielectric liquid was assured. In this way, a higher efficiency of cooling of basic material was achieved compared to power/roughing cuts.
Mathematical Modeling of the Total HAZ Course
To be able to predict surface quality concerning total HAZ depth, it was necessary to establish mathematical models [35] [36] [37] that would represent behavior of machined surface, depending on the main technological parameters [38] . Therefore, the primary task of the experiment was to establish mathematical models, in particular cross-sections, on the basis of measured values of real microhardness course, and total HAZ depth course. The models would enable simulation of final quality of surface after WEDM, including recommendations for the settings of main technological parameters of electrical discharge process with regard to minimization of total HAZ depth, and best HAZ homogeneity along the cut profile.
Least Squares Method (LSM) appears to be suitable method for modeling of total HAZ depth after WEDM. It approximates n-tuple measured values [x 1 ,x 2 , . . . 
where y represents functional dependence of total HAZ depth, and x 1 , . . . , x m are real measured values of total HAZ depth. According to character and distribution of measured values, an exponential function was considered with the base of any natural number in the form:
y " a 00¨a
(3) where x 1 , x 2 represents main technological parameters, and a 00 , . . . , a 11 are unknown variables.
While an important condition was that function S(A), expressing the sum of squares of differences of the calculated and measured values in all cases, has reached the minimum according to the relationship:
Consecutively, particular values f px 1 , ..., x m , Aq were substituted by chosen function. Since the function has several variables, namely unknown matrix A, on the basis of the necessary condition specific for the existence of extreme of such a function, first partial derivatives of S(A) must be equal to zero. Then, we obtain relationships to calculate the unknown coefficients:
BS pa 00 , . . . , a rr q Ba ij " 0 for i, j " 0, . . . , r
From the adjusted partial derivatives, we obtain a system of linear equations; the solutions of which are the sought coefficients.
The quality of the approximation of experimentally measured values of the individual parameters, provided that the regression model describes the course, is expressed by the correlation index IK, which can be calculated by the formula: Because the total depth of the HAZ is affected essentially by discharge peak current I, and pulse on-time duration t on , the mathematical model was established on an approximation of the measured values of these two technological parameters, and total depth of heat affected zone h HAZ , as a function of seven variables in the form: 
which approximates n-tuple measured values
h HAZ " fpI, t on , Aq " fpI, t on , a 00 , . . . a rr q
where the unknown parameters a ij , i, j = 0,...,r are calculated in such a way that the area S(A) would best approximate the functional values measured. In that case, we can adjust Equation (4) 
provided the given function reaches a minimum. In this case, the matrix of variables a ij is unknown parameter. On the basis of the measured values of the total depth of the heat affected zone h HAZ of steel EN X210Cr12 at various maximum peak current I and various on-time pulse duration t on , and applying MS Office EXCEL using an approximation logarithmic function LOGEST, the mathematical model was established. The result of the mathematical model is an array of values that describe the area.
Mathematical model of total HAZ depth valid for roughing/power operations: 
Correlation index is IK 2 = 0.9969. where h HAZ is total HAZ depth (µm), I is discharge peak current (A), and t on is pulse on-time duration (µs).
Established mathematical models have been implemented in the Graphics simulation program to create 3D graphical dependencies (Figures 14 and 15 ) of total HAZ depth of steel EN X210Cr12 with a thickness 50 mm on two significant technological parameters, WEDM roughing and WEDM finishing. Experimentally established mathematical models describe in detail the dependence of the total HAZ depth on settings of two important technological WEDM parameters, i.e., discharge peak current I and pulse on-time duration ton. The models provide a tool for the simulation of optimal settings of the parameters. Precision of established mathematical models for the total HAZ depth is indicated by the correlation index. This index is 0.9980 for roughing, i.e., power operations. For finishing operations, the index reaches value 0.9969, which means the deviations of calculated values from real values are in the range of 0.3%.
On the basis of presented 3D simulation of total HAZ depth dependence on two significant technological parameters of WEDM of steel EN X210Cr12, the optimal setting values of main technological parameters (for both roughing and finishing operations) are located in area outlined by blue and red line (green area in Figures 14 and 15) .
On the basis of a detailed investigation of the total depth of HAZ, and microhardness variations in sub-surface layers of the eroded surface, relying on the mathematical models, it can be stated that the high setting of both technological parameters, i.e., peak current I, and pulse on-time duration ton, Experimentally established mathematical models describe in detail the dependence of the total HAZ depth on settings of two important technological WEDM parameters, i.e., discharge peak current I and pulse on-time duration ton. The models provide a tool for the simulation of optimal settings of the parameters. Precision of established mathematical models for the total HAZ depth is indicated by the correlation index. This index is 0.9980 for roughing, i.e., power operations. For finishing operations, the index reaches value 0.9969, which means the deviations of calculated values from real values are in the range of 0.3%.
On the basis of a detailed investigation of the total depth of HAZ, and microhardness variations in sub-surface layers of the eroded surface, relying on the mathematical models, it can be stated that the high setting of both technological parameters, i.e., peak current I, and pulse on-time duration ton, Experimentally established mathematical models describe in detail the dependence of the total HAZ depth on settings of two important technological WEDM parameters, i.e., discharge peak current I and pulse on-time duration t on . The models provide a tool for the simulation of optimal settings of the parameters. Precision of established mathematical models for the total HAZ depth is indicated by the correlation index. This index is 0.9980 for roughing, i.e., power operations. For finishing operations, the index reaches value 0.9969, which means the deviations of calculated values from real values are in the range of 0.3%.
On the basis of a detailed investigation of the total depth of HAZ, and microhardness variations in sub-surface layers of the eroded surface, relying on the mathematical models, it can be stated that the high setting of both technological parameters, i.e., peak current I, and pulse on-time duration t on , or their unsuitable combination, resulted in a substantial increase of total HAZ depth, and a negative impact on variations and course of the microhardness in HAZ. However, by optimizing of the setting of the main technological parameters, surfaces can be created with the required value of h HAZ parameter, as well as the required value and level of homogeneity of microhardness. It must be noted, though, that in setting of main technological parameters, it is also necessary to take into account the performance and productivity of the cutting process. This means that the actual setting values of the main technological parameters of WEDM must, in addition to maximizing the machined surface quality indicators, also be optimized both in terms of maintaining the stability and performance of the cutting process with a regard to achieving the greatest cutting power. Therefore, an appropriate solution may be, for example, setting a higher value for the t off of about 20%, which will lead to a minimal reduction of the cutting performance due to the share of idle running, however it will also lead to a substantial homogenization of particular values of observed parameters h HAZ and microhardness between the central and marginal lines of the eroded surface. Changing this technological parameter will increase the time needed to cool the sub-surface layers of machined material, leading to a reduction of an impact range, and at the same time to an increase of the homogeneity of the quality parameters of the heat-affected zone throughout the profile of machined surface after WEDM. An increase of the pulse off-time duration t off higher than 20% and related change of the idle running can cause quite the opposite phenomenon, which in turn will lead to higher influence on marginal lines of the eroded surface.
Conclusions
The objectives of the experiment were to carry out detailed research of the thin microhardened surface layer of machined surface at wire electrical discharge cutting of steel EN X210Cr12 (W.-Nr.1.2080) with brass Ms63 wire electrode of 0.25 mm diameter; to evaluate consequences of HAZ on final quality of machined surface; and to contribute to the knowledge database of HAZ at electrical discharge process. Within the experiment, the detailed evaluation of thin surface layer of the eroded surface was carried out in terms of overall thickness, range and microhardness variation. To achieve required surface quality of machined surface in terms of h HAZ , it was necessary to establish mathematical models that would describe behavior of machined surface in relation to the settings of main technological parameters with regard to the real microhardness course. Mathematical models were implemented into a simulation program, which enabled specifying an optimal combination of main technological parameters with focus on the required value of the h HAZ parameter.
The results of the experiment can be summed up in the following points:
(i) Total microhardened surface layer depth determined by experimental measurement on tool steel EN X210Cr12 ranges from 20 to 25 µm for finishing operations and from 40 to 50 µm for roughing operations. (ii) Differences of measured values of total microhardened surface layer depth were found in particular lines of the cut; marginal parts of eroded surface at 50 mm thickness of the material showed approximately 20% lower values of h HAZ than middle part. (iii) In the heat affected zone, an essential fluctuation of microhardness was observed considering hardness of basic material, which was on the level approximately 740 HV2; microhardness in the so-called "white layer" zone showed increased values ranging from 870 to 820 HV2. On the contrary, in the transition layer, a microhardness decrease was recorded to the level of 610 to 660 HV2. (iv) The knowledge gained by the experimental research of heat affected zone of machined surface of tool steel EN X210Cr12 after WEDM concerning microhardness variation and total HAZ depth presents an important contribution, not only on a theoretical level, but also for manufacturing practice: the results of the research will enable meeting tighter quality requirements on machined surface after WEDM and, thus, to achieve higher quality of products in the same time, decreasing the scrap factor.
